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We describe the identification and analysis of the principal sources of intensity loss within the
five-channeled neutron guide tube that was originally installed in the chopper section of the Disk
Chopper Spectrometer at the National Institute of Standards and Technology Center for Neutron
Research(The purpose of the five channels was to optimize intensity and resolution in three
different modes of operation known as “resolution modg®Yy combining measurements, Monte
Carlo simulations, and analytical calculations, we have developed a model that successfully explains
performance losses in the original guide. We have used this model to quantify expected returns in
performance using a replacement guide in which the principal contributions to the intensity loss are
reduced to the minimum achievable with current technology. We have also estimated the intensity
gains that would be achieved if one of the limited number of options were adopted for modifying
the original guide in a manner likely to produce such gains. We describe factors that affect the
performance of the original guide and compare the measured and predicted performance of the
modified guide against predictions for the optimal replacement guide. The simulations indicate that
the modified guidéwhich has three channels rather than the original fiveduces greater intensity

gains over a large incident wavelength band for the low and medium resolution modes, whereas a
high quality replacement guide greatly improves performance in the high resolution mode of
operation. Because the low and medium resolution modes are most heavily demanded, we opted to
modify the guide rather than replace it. We describe the nature of this modification and present
intensity measurements that meet or exceed predictions in all resolution modes with no detectable
change in the energy resolution nor increase in the instrumental backgroun200©&American
Institute of Physics.[DOI: 10.1063/1.1638871

I. INTRODUCTION length without changing the chopper disk speed. Actually,

The Disk Chopper SpectrometédCS)* at the National the S"_’ts on the pulsing disk pair are wi(_jer thr_:m th? corre-
Institute of Standards and TechnologMIST) Center for spondmg slots on the monochromating (_j'Sk pair. Th'? IS dg-
Neutron ResearctNCNR) is classified as a direct-geometry liberate apd produces a bgtter compromise between intensity
neutron time-of-flight spectrometer. Such spectrometers usdd ilgsnc energy resolution than equal width slots on both
nominally monoenergeti¢or fixed neutron wavelengtrin-  Pairs: Use of the wide, medium, or narrow slot sets on the
cident beams. On the DCS, the incident wavelength band?CS is referred to as running in low, medium, or high reso-
width is defined by two pairs of counterrotating chopper!ution mode, respectively. Typically the required elastic reso-
disks?® one at the extreme upstream end of the choppelution 6E¢/E is better than 5% for experiments using this
system(referred to as the “pulsing” disk pairand the other type of spectrometer. In order to obtain this resolution and
at the extreme downstream end of the chopper sygteen  Mmaintain a useful beam size, the DCS has a large separation
“monochromating” disk paiy. The disks of each pair have (=9 m) between the pulsing and monochromating chopper
three slots of different width. Either the wide, the medium, orpairs despite the high maximum rotation frequency of the
the narrow slots can be chosen to transmit the beam bglisks (333 H2.
choosing the relative phasing of the disk pairs appropriately.  If neutron beams were perfectly collimated, transporting
This enables the incident neutron energy resolution to béhem over the large separations between the disks would
selected from one of three values for each incident wavepresent no problem. However, for beams emanating from
long guides, the beam divergence is typically 1.7 mrad per

aAuthor to whom correspondence should be addressed: electronic maiNgStran neUtr‘_)n Wavel_enth or gree_lter, depe_nding on which
jeremy.cook@nist.gov type of reflective coating is used in the guide. The DCS
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1 mm thick Pulsing Monochromating +0.075° (+ 1.3x10 3rad) produce about a 3%—5% trans-
;Zﬂzggf CE‘::;“”I slot widths  slot widths mission loss for neutron wavelengths between 2 and 10 A,
P \p Factors that affect the optimal channel width for the case of
/N the bender are also discussed. In the case of the DCS chan-
quri ik 0T neled guide, the horizontal dimensions of the channe_ls_ are a
6.5 mmyl] " ,' in “ few mm rather than a few cm and the length of the individual
1YY glass plates is only 0.25 m or less. These factors are expected
4.0 mm _| il 11 . - .
11 D 1 to impose even stricter tolerance on the alignment of the
5.0 mm ! 1 I channels.
T ,' “ ,' '| In this article, we assess the severity of losses due to
'l l| 'l |I misalignments and imperfect reflectivity in the DCS chan-

neled guide. We describe the original guide and compare the

measured beam intensity with simulation results for a chan-
Neutron Absorbing rllelled guide that is very we_II ahgne.d and mcorporatgs reflec-
transmitting ~ borated glass tivity models that are consistent with the best quality reflec-
channel tive coatings available. We have developed a simplified

) ) ) o ] model for the misaligned guide which we have used to com-
FIG. 1. Schematic cross-sectional view of the original guide arrangemen

showing the five channels that are created by introducing four channel sepéare the cost-effectiveness of purchasmg a rePIacement

rators. The nominal widths of the channels are indicdtad channels are guide with an improved channel alignment and best-
nominally symmetric about a vertical bisegtofhe angular extent of the available reflective coatings against an alternative, inexpen-

wide, medium, and narrow slot sets on the fijstiising and last(mono-  gjye option in which the existing channeled guide is modified

chromating counterrotating chopper disk pairs is also shown as they would ther th | d. We di h h ted for th

appear when fully open to the chopper guide and perfectly phased. rather an. replaced. Vve discuss W. y \_Ne ave .Op ed tor . e
latter solution and show that the misaligned guide model is
rather successful in predicting the measured intensity gain

guide has side wall coatings that allow about 2 mrad/A horifactors.
zontal divergence and the top and bottom coatings allow
about 3.4 mrad/A vertical d|yergence. Cop5|der|ng the chopn_ DESCRIPTION OF THE CHANNELED CHOPPER
per separation, the beam widthot exceeding 30 mjmand GUIDE
the operating wavelength range of approximately 1.5-12 A,
we conclude that a beam “concentrator” is necessary to limit  In order to maximize intensity, optimization of the guide
intensity losses due to beam divergence between the choppeidth with respect to the chopper slot width is important.
disks. In the case of the DCS, the beam concentrator is While this may be achieved with a guide whose width is
channeled neutron guid€ig. 1). varied when changing the slot widths, the five-channeled
The clearance in the grooves that receive the reflectinghopper guide, whose cross section is shown schematically
plates that separate the channels permits transverse moue-Fig. 1, potentially achieves this goal for the three slot sets
ment of the plates and consequently reduces their parallebn the DCS choppers without having to adjust the guide
ism. Angular misalignments are usually tolerable when thewidth. Optimization of the channel widths dependsaopri-
accumulated deviations that they impose on the neutron trari assumptions about the reflection efficiency of the channel
jectory are small compared to the critical angle. Allenspachwalls. The channel widths shown in Fig. 1 were selected on
et al® have investigated the effects of misalignments, includthe basis of typical properties of conventional nonchanneled
ing substrate waviness for a straighin®=2" supermirror  guides. Because the channel separators have nonzero thick-
guide (m=2 means that the supermirror has a critical angleness, the convenience of the channeled guide concept comes
twice that of natural Ni For typical dimension$40 m long, at the expense of some loss of beam area. In the real device,
50 mm wide, and 150 mm high with 0.5 m long sectigns the channel separators are 1 mm thick, unpolished float glass
they show that negligible losses are incurred when the sumplates coated with 3¥Ni-equivalent” reflective coatingsni
face wavinesgdefined as the standard deviation of the dis-~1.2 made from Ti—Ni bilayeps so-called because the criti-
tribution of the surface normals to the ideal direcliimless cal angle for total reflection is similar to that of tHéNi
than 10 “rad for the wavelength range from about 1 toisotope(about 2 mrad AY). Each of the four separators is
about 10 A. This agrees with acceptable flatness tolerancdabricated from 47 separate plates, each between 32 and 250
suggested by Samuet al.” Allenspachet al. also suggested mm long, the majority being 250 mm long. In the present
that losses due to transverse displacements or dimension @ase, the thin channel separator plates are inséteglued
rors of the guide are roughly proportional to the total offsetinto grooves machined into thick upper and lower glass
area divided by the cross-sectional area of the guide. Lee amaates(known as rules Because they are not glued, the sepa-
Klose® have also discussed such losses in the context of etor plates are generally somewhat misaligned. The thick
more complex guide design that includes a neutron bendeglass side walls of the guide, like the rules, are made from
For an approximately 17.5 m long guide composed of 0.5 nborated float glass with superpolished inner surfaces. The
long sections with minimum internal dimensions of 25 mm superpolishing technique is described in Ref. 7. The inner
(excluding the channels of the bender sedtidhey found  surfaces of the side walls have simif§Ni-equivalent coat-
that random “zigzag-type” misalignments of between ings to those used on the separator plates. The inner surfaces
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5-channel guide Further flux measurements were performed including
gold foil activation measuremenrfswhich yielded capture
flux values(i) upstream of the chopper systémhite bean),
(ii) downstream of the chopper system using a white beam
(choppers stopped with their slots positioned to transmit the
bean), and(iii) downstream of the chopper system using a
“monochromatic” beam(choppers spinning and phased for
various wavelengths These last results were used to cali-
brate the primary beam monitor count rates so that absolute
beam fluxes could be obtained for many wavelengths and for
all three resolution modes.

These combined measurements formed the basis of com-
parison by which the channeled guide model paramétiers
scribed in Sec. 1Y were refined.

IV. CHANNELED GUIDE MODEL

Relative Intensity
N W R 000 N
1 1 I 1 1 1

With the original guide installed and operational, it was
no longer possible to verify displacements, thicknesses,
waviness, and individual reflectivities of the 188 individual

100 80 60 40 o9 glass plates that constituted the channel separators. We there-
X (pixel) fore developed a model of the guide to assess the influence
S of both the misalignments of the reflecting surfaces and the
FIG. 2. Measgred spatial distribution of n_eutron flux at the end qf the Cha”‘reflectivity of the coatings on the transmission efficiency in
neled guide with the choppers removethite beam. For the Dy foil used i lain the fl db h
in this measurement, the pixel intensities are roughly proportional to thean.e ortto e?(p ain t e. ux measur(_amems an etter charac-
capture flux, not the integral flux. terize the guide. We discuss each in turn.
Original specifications of the channel plates indicate that
of the rules(between the groovesare coated witm=2  their thickness can vary between 0.9 and 1 mm and that their

supermirror. The inner surfaces of the side walls are sepa¥aviness is less than I0rad. Lacking specific information
rated by 30 mm and the inner surfaces of the rules have 1090 the original tolerances on the groove widths, we conclude
mm separation so that the maximum beam envelope is 3#1at the maximum transverse displaceméntgroove—plate

mm widex 100 mm tall. The reflectivities of the coatings are Cl€arance dmay, is greater than 0.1 mm but no more than 0.3
discussed further in Sec. IV. The original design has twg™M. The sides and rules of each guide sectitypically
outer channels of 6.5 mm nominal width, two intermediate2bout 0.75 m longare parallel to within 10 rad. Using our
channels of 4 mm nominal width, and a center channel of dn-house techniques, alignment with respect to the sides and
mm nominal width(see Fig. 1 To good approximation, the rules to about 2.510 °rad accuracy is pc_)ssible, so_it is
widest monochromating chopper slots, when fully Open,reasonable to assume that the guide sections are aligned to
view all five channels, the intermediate width slots view theabout 10°*rad or less. We also assume that the grooves are

three inner channels, and the narrowest slots view only thgarallel with the side walls to within 10 rad. Consequently,
center channel. the outer walls of the guide and the grooves are aligned

within acceptable angular tolerances, defined in Refs. 6 and
8, but the channel plates may be misaligned by up to about
10 3rad in the horizontal plane and two to three times this in
For brevity, we loosely use the term “fluxusually ap- the vertical. Even though the maximum vertical misalign-
plied to particle fieldsto refer to the neutron current density ments of the plates may be larger than the horizontal, their
or fluence rate of the highly collimated neutron beam thadetrimental effect on the guide transmission is small com-
crosses a plane that is normal to the beam direction. Aftepared to the horizontal misalignments. This was verified by
commissioning of the DCS, the observed beam fluxes downpreliminary Monte Carlo simulations and a simple justifica-
stream of the channeled guide were appreciably lower thation is given in the Appendix.
indicated by simulation resuliglescribed later in Sec. VI)B The channel plates were not used as reference surfaces
for the idealized five-channel guide. The dysprosium foilfor the guide alignment, so it is reasonable to assume that
neutron radiographshown in Fig. 2, measured at the down- they have misalignments that are independent of each other.
stream end of the channeled guide with the choppers reBecause the effect of the vertical misalignments of the plates
moved, revealed important channel flux differences markeds small compared to the horizontal, we consider only hori-
by increasing attenuation with a decrease in channel widthzontal misalignments. Th@orizonta) angular misalignment
The symmetry of the pattern also suggests that the attenuaf a channel plate is approximately the transverse displace-
tion is characterized by quantities related to the channement of one end of the plate with respect to the otlder,
width, the mean number of reflections required for neutrordivided by the length of the platé is selected from a uni-
transmission down the channel, for instance. form distribution betweent ,,o. Because no reliable mea-

—
1

Y (pixel)

IIl. INITIAL FLUX MEASUREMENTS
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BN "1.20_" thick glass such coatings are produced with graduated layer thicknesses
1 — 1 — that produce a quasicontinuum of Bragg peaks beyond the
. 0.8k — Model | 08 _ « Measured ordinary critical angle, thus effectively extending it. For all
=y 1 56k - Model ] reflectlylty models ba_sed on mea;ured data, the model curve
gt 18 1 is multiplied by a variableR,, which corresponds t&(Q
E 041 7 E 04f ] —0), the reflectivity at grazing incidence. The valueRyf
0.2 - 02} - was refined to best reproduce the magnitudes and features of
oSy ] o VA e the measured data described in Sec. IIl. For ¥ coat-
0 0'05_1 0.1 0 0'(3?1 0.1 ings, the models are analytical functions developed from
QAD QA measurements on®Ni guide systems elsewhere at the
“20 " supermirror "1.26 " channel glass NCNR. Their model parameters were not refined for these
P 1 ; calculations.
> 08 + Measured] 30-8_ e Measured ]
E 0.6 — Model | 206 — Model |
(%3 o |53 4
% 04l ] % 04k ] V. CHOPPER TRANSMISSION
% 02fF 14 o2} 7 In order to compare calculated and measured integral
oloil ! ol nkioniig fluxes with the choppers turning, we must account for the
0 OQO?A") 01 0 Qo('oil) 0.1 chopper slot transmissions. Given in Ref. 12 are analytical

expressions for the chopper transmission for counterrotating,
FIG. 3. Measured reflectivitie®ymbol$ and modeled reflectivitiefines) radially shaped slots illuminated by rectangular guide chan-
for the DCS neutron guide system, plotted as a function of the wave-vectonels, assuming perfect disk phasing and negligible counter-
transfer, Q. These correspond tdclockwise from top left *Ni,  rotating disk separation. Each chanheivhich may or may
Ni-equivalent coating on polished glasSNi-equivalent coating on float i e "cantered horizontally with respect to the center of the
glass, and 2, supermirror, wherd is the reference critical angle of natural . . . .
nickel. slot opening, is assumed to have spatially uniform flux of
magnitudeg; . The number of neutrons transmitted through
a slot pair per pulse due to chanmes just the integral of a
surement of the maximum plate—groove clearance is avaifunction A'(t) over one slot opening perioa, multiplied by
able, we have estimated it by performing simulations withthe respective mean channel flug,. A'(t) represents the
different choices 0f5,,4. area of channdlthat is viewable through the slots at a given
Consistent with the conclusions of Allenspastal.® the  instant,t. The number of neutrons transmitted per pulse is
effect of the transverse displacements of the plates on redugist the sum of the integrals,
ing the effective cross-sectional areas of the channels is es- .,
timated to be no worse than the effect of increasing the chan- 2 d)‘f Al(t)dt,
nel separator thickness from 1 mm to 1 mm,,,. (This at [ 0

least gives the worst case for a perfectly collimated b¢am.where the sum runs over all channél$or radially shaped

Thus the reduction of the transmission (gue to this effect igots and rectangular channel cross sections, these integrals
estimated to be no more than about 4.5% and probably Sigyre anaiytical and fully account for the nonzero channel
nificantly less. Because these effects are small, like the Ve%‘eparator thicknesses. It was also shtitimat the number of

tical misalignments, we have also chosen to ignore them iR o +rons per pulse with the choppers phased to select a
this model. Consequently, the refined value &f,, is ex- wavelength, is given approximately by
pected to absorb the effects of the vertical misalignments and

cross-sectional area differences that are present in the real h 2 1 (dé(hg)
guide. This means that the refined valuedqf,, is expected NpusdMo) = —7— 2, 7| —
. : Malpmi=1 A A
to be slightly larger than the actual maximum plate—groove
clearance. P ™ i
Figure 3 shows examples of the model reflectivities, Xfo Ap(tp)dtpfo An(tu)dty, (1)

R(Q) (liney), plotted as a function of the wave-vector trans- A

fer, Q, that were used to simulate each type of coating repwheren, is the number of channels in the guide,(tp) and
resented in the DCS neutron guide. Where available, thé),(ty) are the areas of channiethat are viewable at time
modeled curves were based on measured reflectivity*'datatp through the pulsing disk slots and at tirfg through the
(shown by symbols The *!Ni coatings shown in Fig. 3 ap- monochromating disk slots, respectivelyyy is the mean
ply to in-pile sections of the guide. The measurements for theeparation of the pulsing and monochromating disk pais,
8\i-equivalent coatings reveal Bragg scattering @t is the cross-sectional area of chaniem, is the neutron
~0.04 A1, This is because the thickness of most of themass, and is the Planck constant. The term#(Ao)/d\);
bilayers is uniform, giving rise to a pronounced Bragg peakrepresent the neutron current density per unit waveleigth
beyond the critical cutoff angle for total reflection. The linesin channeli (evaluated ah) at the exit of the bare chopper
show that this is accounted for in the modeled reflectivitiesguide (without the chopper disks but including corrections
In the supermirror this structure is almost absent becausfr the transmission of the guide windows, chopper slot ma-
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terial, and other semitransparent materials in the BHeam
These differential fluxes were obtained from the Monte Carlo
simulations of the guide.

Finally, the time-averaged neutron current density deliv-
ered by the chopper system with all disks turning is just
NpusdNo) multiplied by the number of pulses per second,
divided by the beam area over which the flux is to be aver-
aged. For a fair comparison with the measured fluxes, the
outer envelope area of the transmitted beam was used for the
flux averaging. For the five-channel guide these areas are
about 29.5, 14.0, and 4.9 érfor the low, medium, and high
resolution modes, respectively. Qualitatively, the counterro-
tating slots favorably bias transmission of neutrons traveling
closest to the horizontal center of the guide where the slots
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are open the longest. Therefore increasing the neutron inten- MA)

sity at the center of the guide is more profitable for increas-

ing the instrumental intensity than on the edges. FIG. 4. Comparison of measured beam fluxes at the beam monitor position
in the three resolution modésymbolg with the corresponding simulated
fluxes(lines). These comparisons were made for all chopper disks running at
20 000 rpm. Note that these flux measurements were made prior to installa-

VI. SIMULATIONS tion of the graphite beam filtddanuary 200fland the higher intensity liquid

A. Simulations of the original five-channel hydrogen cold sourcéMarch 20032.

chopper guide

Monte Carlo simulations of the original five-channel that these measurements and simulations were performed
chopper guide were performed in an effort to reproduce agrior to the introduction of a cooled graphite beam filter in
closely as possible the neutron fluxes, flux ratios, and spedanuary 2001 and upgrade to a higher intensity cold source
tral shapes obtained from the measurements outlined in Sein March 2002t*>14 The good agreement between the simu-
[1l. The simulation method described in Ref. 6 generates ranlations and the measurement in Fig. 4 is achieved \®ih
dom Gaussian misorientations of the reflecting surface at0.96 for the channel plate coatings. A valueRyf=0.977
each reflection, thus simulating the average behavior ofvas used for alP®Ni-equivalent coatings on superpolished
many guides with the same misorientation probability distri-glass surfaces. The latter value was justified on the basis that
butions. In contrast, we simulate fixed misalignment configudit gave excellent agreement between simulated and measured
rations of the plates, such that the surface misorientation exntegral fluxes at points upstream of the chopper guide where
perienced by a neutron impinging on a particular channethere are no channels and the superpolished sides and rules
plate is always the same. By changing the random seed, diftrave essentially identical coatings to the sides and the rules
ferent random configurations of the glass plates were exef the channeled sectidiexcluding the short in-pile secti@n
plored using the same misalignment probability distributions All the reflectivity models(lines) shown in Fig. 3 are drawn
The resulting simulation values oti¢/d\); for each chan- with the refined values oR, that evolved from the best-fit
nel i, were inserted into Eq1) when comparing with mea- simulations.
surements carried out with the choppers turning. Although  We discuss now some potential implications of the simu-
more laborious, this method quickly revealed typical rangedated guide properties on the guide transmission efficiency
of transmissions that could be expected for given values obefore discussing possible solutions. If we ignore misalign-
Smax @aNdRy . We found that the spectral distributions cannotments for the moment and consider only the reflectivities, we
be satisfactorily reproduced at short wavelengths for any reazan already say something aboutwpper limiton the chan-
sonable value oR, until §,,,, reaches about 0.3 mifour  nel transmission efficiency. For convenience, we make here a
estimated upper limjit Once this was established, we fixed distinction between what we call “reflectivity losses” mean-
Smaxat 0.3 mm and explored different misalignment configu-ing losses from reflectionselowthe critical angle due to a
rations. Having found reasonable agreement between thmean value ofR<1 as opposed to “misalignment losses”
measured and simulated short wavelength spétielatter ~where the neutrons encounter a lowered reflection probabil-
revealing itself to be much more sensitive to the specifiaty by virtue of the misorientation of the reflecting surface.
misalignment configuration than to paramelRy within its ~ The most dramatic manifestation of a misalignment loss is
reasonable limifs the random seed was frozen to preservethe heavy suppression of an angular band of neutrons for
specific misalignments of the plates. Then, paramRgervas  which the reflecting surface misalignment alone causes their
refined until a good description of the spectrum was achievethcident angles to exceed the critical angle, where the reflec-
over the entire wavelength range. After several fine-tuningion probability drops dramatically.
iterations of this process, a model configuration was found Considering the channels as straight guides of lehgth
that reproduced the measured fluxes, their ratios, and theividth W, and heightH, we may approximate the channel
distributions very well. Figure 4 shows a comparison of earlytransmission]T, as
spectrum measurements with the best model predictions (N o (Ny)
evaluated for all chopper disks spinning at 20 000 rpm. Note T~Flost(1=FLogR, Ry " 2
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wherex denotes values appropriate to the sides of the chan- 3.5 ML I B R R R
nel andy denotes the rulesR is the mean reflectivity below -3 ; lowdresoluuoln 1
the critical angle, andN) is the mean number of reflections. 5 T * ﬁgh“r‘é’;&ﬁ?oﬁm’“ u
FLos is the line-of-sight fraction of neutrons and we have s T ]
assumed that there is negligible absorption or scattering of = 25— g ]
these neutrondr| o5 can also be written as a product of a §>~°20- '%% % Ry ]
side and a rule term, i.e., =il °o? RRw
2 | -.smm
FrLos=FxFy, ©) E 15
g n .
where % 1.0
W g L -
w
=, 6N)=—, 0.5 -
2Lvg(N) L s i
P} A N A P B R B A
2W— g5\ )L W 4 YT 2 3 4 5 6 7 8 9 10 11 12
Foim o, (N <—. AA)
X 2W ¢ L

] ) FIG. 5. Simulated monochromatic intensity gain factors for an idealized
Likewise, five-channel replacement guidgerfectly aligned, with reflectivities charac-
terized by Ry=0.99) compared with those for the original five-channel

H guide configuration. The gain factors are averages over the envelope of the
Fy=——717—oy, l(N)=— transmitted beam.
2L6Y(N) L’
2H— V(ML H (5) It is clear that the plate misalignments have a significant
y=+, ag(x)<r_ and complex influence on the channel transmission at short

wavelengths. The misalignments also cause measurable
An expression for the mean number of reflections in twolosses in the transmission at the longer wavelengths but the

dimensions{N), averaged over all possible trajectories hasloss factor is less wavelength dependent.

been given by Mildnet® where

B. Simulations of an optimum performance five-

2 .
(N)= A A= © channel guide
AT+ AG An obvious option for increasing the beam intensity is to
and replace the original five-channeled guide with one that has
improved plate alignment and reflectivity. One construction
(N)= L NS\ 7) method that potentially increases the channel plate alignment
2N\’ e by an order of magnitude is to sandwich the plates between

parallel spacers that also serve as the rules. In order to make
a realistic estimate of the maximum intensity increases ex-
pected for this option, we performed simulations for the five-
channeled guide in which the plates and sides are perfectly
ligned with all coatings characterized Ry=0.99. This

where (N,) and (N,) are produced by substituting.
=WI/(y,L) andH/(y,L) into the above expressions, respec-
tively, with y, ,= 65Y(\)/X.

For the original guide, we us®,=R,=0.96 for the

channels that are not bounded by a polished glass side w e . :
R,=0.969(=[0.96+0.977)/2) for the 6.5 mm outer chan- gure is judged to represent the maximum value achievable

i ~ for this type of coating using current technology. Figure 5
nels. ForR, we use the mean valu@=0.948 for them=2 shows the anticipated maximum intensity gain factors that

H -1 —
supermirror forQ=0.044 A", We also usév=4, 5, or 6.5 could be expected if the original guide were replaced with

— — —3 -1
Tg]%;(_l?g m(rjn',&i 17x\7V2-?4;><t;0t thra(iA L af?dﬁ J’yt this optimal five-channel guide. If we estimate the transmis-
e ra - Yve ind that the ransmission, & sion in this case, as described in Sec. VIA, we findt 5 A

a typical incident wavelengthf& A is about 60% in the 4 is about 86% for the 4 mm channels, 88% for the 5 mm

mm channel, 66% in the 5 mm channel, and 77% in the 6. hannel, and 90% for the 6.5 mm channels. The correspond-

mm channel.ﬁ'\rhe correspon;jmg voalues at a(? incident \{vavqng values at an incident wavelength of 12 A are about 69%,
length of 12 A are about 29%, 37%, and 53%, rgspect|vely73(y and 76%, respectively, a significant improvement.
These results strongly suggest that the reflectivity losses™ ' ’

alone are costly, especially at long wavelength and that in-
creases of the channel width could significantly reduce thes
losses. Replacing the five-channeled guide is relatively expen-
The above expressions fN) work remarkably well for  sive and carries the additional risk that the performance may
the channeled guide. For example, for-\., the mean fall substantially short of the assumed upper-limiting case
number ofside reflections for the transmitted neutrons ob- described in Sec. VIB. Therefore, we investigated an alter-
tained from the Monte Carlo is fitted well byN) native option in which the existing guide is modified in an
~9.2\ (A)/W (mm) forW=4—15mm. This is very close to effort to increase the intensity by reducing the number of
the value given by Eq. 7 withy,=2.047<10 3rad A"1. reflections and their associated loss. The simplest option

g Simulations of a modified guide

Downloaded 08 Mar 2004 to 129.6.122.53. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



436 Rev. Sci. Instrum., Vol. 75, No. 2, February 2004 J. C. Cook and J. R. D. Copley

w
n

available that is most likely to achieve the desired effect L L I I L B
consists of removing the two innermost channel separators, B S lowresolution on ]
thereby creating a three-channel guide witlominally un- il :‘;i“r?st;:::;‘;“ T
changedl 6.5 mm width outer channels and a center 15 mm — — medium resolution
. . . . . . « + « « high resolution —
wide channel. This configuration is expected to especially
benefit the low and medium resolution mode intensities be-
cause the existence of the center channel of the five-channel
guide benefits only the high resolution mode at the expense
of some low and medium resolution mode intensity. The po-
tential gains for the low and medium resolution modes are
threefold: (i) the losses in the widened center channel are
reduced by decreasing the number of neutron contacts with
the channel walls(ii) the beam area viewable through the - -
wide and medium width slots is increased by 200 indue 0.0~
to the removal of the two inner 1 mm wigel00 mm tall
separators, andiii) the counterrotating chopper slots are

open Iongest at the horizontal bisector of the guide where thE!G. 6. Simulated monochromatic intensity gain factors for the three-
L . . . . channel guide configuration compared with those for the original five-
S|gn|f|cant gwde .ﬂux mcreaseg are achieved. This m?ans th@r'iannel guide configuration. The gain factors are averages over the envelope
the intensity gain factors with the choppers turning areof the transmitted beam. The data shown by symbols were produced using a
greater than the guide transmission gain factors alone. plate misalignment distribution that best explains the collective five-channel

In order to quantify the gains for the three-channelﬂux measurements. The shaded bands indicate predicted ranges of gain fac-
. L tqrs obtained from 10 other random arrangements of the plates from the
guide, the two remaining channel separators were modeled e plate misalignment probability distribution. Cross hatched, slanted
using Ry=0.96 ands,,5,=0.3mm, exactly as they were in hatchedpartially occluded and vertically hatched regions represent calcu-

the best-fit model of the original five-channel guigee Sec. lations for the low, medium, and high resolution modes, respectively. The

; feoi ; i solid, dashed, and dotted lines are the corresponding predicted gain factors
VIA). The resulting transmission is not surprisingly less SeNith the misalignments “switched offi.., perfectly aligned

sitive to the specific plate misalignment configuration be-
Sv?gse(g t::ﬁ Ttijmrbir of (rj]ebutrron Cﬁlntacfts Itn :h? é:entrir 1? rgt[nremoving the inner channel separator plates, which requires

€ channet 1S reduced by roughly a factor ol > compare %omplete removal of the guide sectignisor comparison, the
the 4 and 5 mm width channels previously, didthe line-

tsiaht fracti ¢ ; in th : h Lis i solid, dashed, and dotted lines are simulated gain factors
ofsignt fraction of neutrons In the center channel IS In-qiainaq for the low, medium, and high resolution modes
Svith the channel plateperfectly alignedin both configura-

w
=)
I

~
n
|

p
- O \.-'
A od= W 2a W, A%
T TS e ‘I';;;H-..‘_"_!:-IIIIIII“
RS Pa g NERIMETLENE ") LELE

UrairguuC e
N = T AL

g
=}
|

[
W

Simulated intensity gain factor
=)

----------
-----
........
-----

0.5 -

estimates ofT (ignoring misalignmenjswith R=R,=0.96
for the 15 mm channel anR=0.969 for the:) 6.5 mm outer The simulated intensity gain factors for the three-
channels, the values gfat > A are about 85% in the 15 mm channel guide with respect to the optimum five-channel
center channel and 77% in the outer 6.5 mm channels. Th uide are shown in Fig. 7. This figure indicates that the
corre§pond|ng vaIues_ at 12 A are about 67% and 53%, "hree-channel guide should outperform the optimum five-
spectively. In comparing values df, we conclude that the
three-channel guide might have similar intensity to the opti- T T T T T T T
mum five-channel guide near the horizontal center of the i) AL I L R ° I .1.—:
beam where intensity counts the most, with the added bonus - o000 o* : o : pog
that the former has two less channel separators blocking the - e®0,, ,000DD ° ]
beam. =

In the case of the three-channel guide, the smaller values
of (N) in the widened center channel improve the transmis-
sion rather than the larger values Rfin the optimum five-
channel case. Nonetheless, a detailed analysis that account
correctly for misalignments and the presence or absence of
channel separators is best handled by the Monte Carlo simu- .
lations. The simulated intensity gain factors for the modified
guide with respect to the original five-channel guide are
shown in Fig. 6. The data shown by symbols were produced -
using the specific plate misalignments that best describe the
original five-channel guide transmission. The shaded bands
indicate ranges of gain factors obtained from 10 additional 1
random arrangements with the same valuessgfy,(Smax 6 7
=0.3mm) andR,. These bands are considered to be repre- MA)
sentative of the statistical spread of gain factors that might b IG. 7. Simulated intensity gain factors for the modified three-channel

ObS?_rved once Fhe charmel plates are j099€q frqm their ir'itiajuide with respect to the optimum five-channel guide for the three resolution
positions.(This is considered to be almost inevitable whenmodes.
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E FIG. 9. Measured intensity gains as a function of the wavelength derived
< 300 from before and after incident beam monitor measurements for the three-
E 5 47 channel guide relative to the those for original five-channel guide.

uncertainties ah=3.35 and 6.7 A are associated with re-
100 duced counting statistics at these wavelengths because of
sharp dips in the beam intensity caused by @4 and

Y (pixel) (002 Bragg peaks of the graphite filténstalled upstream of

the chopper systemThe significant structure in the filter
transmission at wavelengths below about 2.2 A is also re-

FIG. 8. Measured spatial distribution of neutron flux at the end of the three-SponSIbIe for the ﬂUCtuatmg uncertainties there. A compari-

channel guide. In contrast with the measurement shown in Fig. 2, which wason of these results with the p_redicted gains ShOWf_’I in Fig. 6
performed with the chopper disks removed, this measurement was pefeveals that the measured gains exceed expectations for all
formed with all but the first pulsing chopper disk stopped with the widestthree resolution modes.

slots of the stationary choppers aligned in t_he t_>eam. The falloff of intensity The most significant disagreement between the simula-
near the top of the outer channéfst seen in Fig. Rresults from partial . . .
eclipse of this part of the guide by the widest monochromating ske ~ tions and the megsurements occurs for the high reSOlUt'Qn
Fig. 1). This falloff would disappear if the chopper disks were removed. mode where the simulations predict barely a break-even gain

factor while the measured gains are typically between about

channel guide for all wavelengths above abbuA for the  30% and 40%.
low and medium resolution modes. However, for the high
resolution mode, the idealized five-channel guide is expectedlil. DISCUSSION

to be two o three times better. We see from Fig. 9 that the measured gain factors in all

In light of the usage trends of the DCS, the modification . .
. three resolution modes have the same characteristic wave-
of the guide to the proposed three-channel arrangement Was

deemed to be the most cost-effective and indeed favorablle ngth dependepce, a tendency to rise sharply aj[ short. wave-
. . : . ength, with a fairly wavelength-independent portion at inter-
solution for the majority of experiments. Conversion to the

three-channel arrangement was undertaken in July 2002. mediate wavelength, and a tend_ency to dnft_upwargl at Io_ng
wavelengths. This general trend is observed in the simulation

results for all the different configurations of glass plates in-
vestigated see the curves for misaligned plates in Fig.By
comparing the simulated intensity gain curves for the aligned
Following guide modification, the beam profile was re-and misaligned channels in Fig. 6, we see that the gains
measured with a Dy foil. This measurement was performeappear to be driven mainly by the reflectivity losses at long
with all but one of the chopper disks stopped with their wid-wavelength where the two gain factors are similar. Further-
est slots aligned in the beam. The result is shown in Fig. 8more, in the absence of misalignments, the gain factor for the
The vertical scale is arbitrary but the transmission of thethree-channel guide compared with the five-channel guide
outer channels is approximately the same as before; smaknds to continuously increase with an increase in wave-
differences can occur because of rearrangement of the chalength in the wavelength range from about 2 to 12 A.
nel plates in their grooves. A comparison of Fig. 8 with Fig. We can easily crosscheck the trends indicated by the
2 clearly shows the flux enhancement in the center portion ofimulation results for the aligned case relative to those ob-
the beam. tained from the analytical model for perfectly aligned chan-
Figure 9 shows the measured beam area-averaged intemels described in Sec. VIA. We calculate the transmission,
sity gains for the three chopper resolution modes measureti, [using Eq.(2)] for each channel and substitute the
with the chopper disks spinning at 20 000 rpm. The increasecdesulting values into Ed1) in place of the termsd/d\); .

100 80 60 40 20
X (pixel)

VIl. MEASUREMENTS OF MODIFIED GUIDE
PERFORMANCE
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T T T T T P T i T T T T T TT] impinging on the bend have incident angles that exceed the
critical angle. For a simple “V” bend with bend ange the

cutoff is at a wavelength for which the critical anglegg&.

’a o As the wavelength increases above the cutoff wavelength an
~=0a —_— ::d.(usin(wc:;?. X increasing fraction of trajectories reflect, resulting in a pro-
— am (usin; sim) _§ . . . . . .
-8’3 at mgh(usmgMgc sm) ] gressive increase in the transmission. As the wavelength in-

® low (usingeq. 2) 1 creases further, a maximum in the transmission may be
O medium (usingeq. 2) — . .
* highGsingeq.2) 4 reachedat A =\,), beyond which the transmission falls at
Sk X . longer wavelengths because the increased number of con-
tacts with the guide walls results in greater reflectivity loss.

— et e N
S N A N 0 O

L3

e
0

ated intensity gain factor

3 0.6 _*.**-;(.'***

S 04l ] In the misaligned channel, if we considetthe analog of the
sk ] bend angled, we might expect the transmission characteris-
“L . tics of the neutronghat encounter the channel walts be
00 1 I ] ' 11 I 1 l 1 I i I 1 I 1 I 1 I ] I 1 . . . .
L 2 3 4 5 6 7 8 9 10 11 12 similar to those of the bend. However, because a line of sight
MA) is present, there is no complete cutoff. If the bent guide is

widened, proportionately more trajectories have a line of

FIG. 10. Predicted intensity gain factors for the modified three-channel.. - - _
guide compared with the original five-channel guide assuming that both art%"lght and fewer undergo reflection. Typically, when compar

perfectly aligned. Two calculation methods are compared. The solid, dashe#)d the wider bent guide to the narrower one, this results in a
and dotted lines are the gain factors obtained using Monte Carlo simulatiogjain factor that increases as the wavelength decreases below

(also shown in Fig. Bfor the low, medium, and high resolution modes, ) . This is because the cutoff behavior associated with con-
respectively, using the detailed model_reﬂecpvny curves. The urc_les, oper%act with the sides affects a smaller fraction of neutrons in
squares, and stars are the corresponding gain factors obtained usirig)Eqgs. : i . - .
and (1) with the parameters given in the example in Sec. VIA, i,  the wider guide and in such a way that this fraction decreases
=0.969 (outer channels R,=0.96 (inner channels R,=0.948, v, faster with a decrease in wavelength than in the narrower
=2.047x10"° rad/A, andy,=3.463<10"° rad/A. guide. The long wavelength increase of the gain factor is
attributed to the apparent dominance of reflectivity loss at
By taking the ratio of the quantities given by Ed) for the  these wavelengths. The reduced mean number of reflections
three-channel case and the five-channel case, so that thethe wider guide relative to that in the narrower guide gives
source spectrum-dependent quantities cancel one another, wise to smaller exponents in E) for the former and hence
obtain the analytical gain factors. Figure 10 shows a coma gain factor that increases with increasing wavelength.
parison of the gain factors obtained using the Monte Carlo  Although useful approximations to the transmission of
results(also shown in Fig. Bfor each of the aligned cases simple geometry bent and curved guide systems can be ob-
with the gain factors obtained by the analytical techniquetained with non-numerical method$!’in complicated situ-
The values of the parameters used in the latter case are ideations with many independently oriented reflecting surfaces
tical to those described in Sec. VI A. The agreement betweeand lines of sight, calculation of the transmission is best
the two techniques is remarkably good and provides littlhandled by Monte Carlo methods. We have used the illustra-
evidence of the short wavelength upturn of the gain factorgion of the bent guide only to demonstrate the plausibility of
observed in the measurements and in the simulations whethe Monte Carlo results.
misalignments are included. We therefore attribute the short We turn now to the apparently poor reflectivity of the
wavelength trend to the effect of misalignment of the glassoatings on the channel separators. Float glass has tended to
plates. be the preferred substrate for short devices with multilayer or
Naively, one might expect the gain factor due to platesupermirror coatings because the root mean squiar® sur-
misalignment to be roughly independent of the wavelengthface roughness can be nearly an order of magnitude better
If « represents the mean misalignment of plates that are orthan that of mechanically polished glasses; typically 3—4 A
ented such that theglecreasethe reflection probability, the is possible’. Low roughness is particularly desirable for mul-
ratio a/6.(\) varies inversely proportional ta. On the tilayers because the substrate roughness tends to be repro-
other hand, at least for>\., the number of times that the duced in the layer boundaries and amplified as increasing
mean trajectory encounters the plates increases roughly praumbers of layers are deposited. Senthil Kuratal® re-
portionally to \, so the two effects tend to cancel one an-ported that one technique that greatly reduces cumulative
other. However, there are cases where clearly this argumebuildup of interfacial roughness in successive layers is “re-
breaks down; for example, whea>6.(\) or when the active sputtering.” However this technique has not been ob-
mean number of neutron contacts with the sides of the charserved to lower the minimum roughness of the interfaces and
nels becomes small, for example, of order one or less. Bottherefore good reflectivity relies on smooth substrates. Typi-
of these situations can occur for an increasing fraction otally a rms roughness of abbG A or less is required for
trajectories as.—0. layer thicknesses of 50 A(To make a®Ni-equivalent coat-
Perhaps a qualitative explanation can be illustrated inng, typically bilayer thicknesses in the range of about 240—
terms of the familiar behavior of a uniformly illuminated 290 A are necessaryDespite its low roughness, float glass
bent guide with no line of sight. The transmission of suchcan be difficult to produce with acceptable flatnéss., the
guides is characterized by a short-wavelength “cutoff,” degree of variation of the slope of the surfac@ypically
which is the maximum wavelength for which all trajectories flatness of 10 rad or less is required over length scales of
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the order of 0.5 . Slope variations of excessive amplitude multiplied by the mean absolute misalignment angledi-
can be problematic for short wavelengths where the surfaceided by the critical angleg¢,. In this caseN is approxi-
normal variation is a non-negligible fraction of the critical mately proportional tad. /W in the horizontal and)./H in
angle, or for long devices where many reflections may behe vertical, wher&V andH are the width and height of the
required for transmission. Majkrzak and Ankiehave also  guide, respectively. The mean magnitude misalignment
noted that great difficulty has been encountered in the proangle, «, is approximately(|s|)/L in the horizontal and
duction of Ni—Ti multilayers with low interface roughness (|5|)/H in the vertical, whereL is the length of the mis-
and that large roughness reduces the specular scatteriatjgned guide and|d|)= 8ma/2 is typical of the transverse
power and increases the off-specular diffuse and multiplelisplacement of one end of the guide with respect to the
scattering of the layers. They pointed out that more amorether (assumed to be the same horizontal and veitical
phous, smaller grain size layers of lower interfacial rough-Therefore, we might expect that the ratio of the importance
ness have been produced by alloying the nickel with carbowf the horizontal to vertical misalignments, varies roughly
and the titanium with manganese. We speculate that the conas «~H?%/LW. For H=100mm, W~5mm, and L
bination of insufficient flatness of float glass substrates ang250 mm, we have=8.
high intrinsic interfacial roughness of Ni—Ti bilayers might
be the origin of the poor average performance of channel
separator plates. ;J. R. D. Copley and J. C. Cook, Chem. Phg82, 477 (2003.
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